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Abstract 
The paper contains the results of experimental investigation of the rheological characteristics and atomization process 
of polymer solutions. The solutions had the polyacrylamide mass fraction in the range from 0.0025 to 0.001. The 
solutions of polymer have non-Newtonian characteristics. It has been shown that viscosity increases with increasing 
of polymer concentration in the solutions. Extensional viscosity increases with increasing of extensional rates. The 
Trouton ratios observed for the polymer solutions increase with increasing shear (extensional) rate and polymer 
concentration in solution. High molecular polymers added to a solvent involve the changes in the rheological 
properties of liquid and the disintegration of liquid jets and/or sheets. The effect of extensional viscosity on the 
droplets formation has been shown. The data obtained in the present study have shown that the decreasing of the 
extensional viscosity of the solution will reduce the spray’s droplets sizes. The results may be used for example to 
verify numerical models or comparisons with respect to similar atomization processes. 
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The use of spray additives is common in many spraying applications. For example, in the pesticide 
spray formulations small amounts of polymer are regularly added to change the characteristics of the 
solution [1,2]. The addition of polymer is used for reducing the flammability of fuel during an emergency 
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landing of aircrafts and also during the spray painting of surfaces [3,4]. Therefore, more and more studies 
are conducted over the process conditions and the effect of liquid properties on the disintegration of liquid 
jets and/or sheets. The type of polymer added to the solution and polymer chain rigidity and concentration 
are influencing  the process of atomization of the polymers solutions. 
The mechanism that controls the variation in droplet size is not fully understood, and the impact of the 
rheological behavior of the polymer solutions upon the spray characteristics has not been addressed. It is 
well-known that spray atomizers create a transient extensional flow field. It has been shown that 
extensional properties can have a significant influence on the break-up of a polymer solution jet [1]. For 
example, the extensional viscosity tends to restrict break-up over a certain concentration regime, and also 
the addition of polymer suppresses the creation of satellite drops. Given the impact upon drop size in 
particular, it is reasonable to believe that the extensional characteristics of the spray formulations will 
play an important role in spray atomization [1,5]. 
The present paper contains the results of experimental studies of rheology of solutions of polymer. 
This paper draws a link between the extensional viscosity and the effervescent atomization. 
 
Nomenclature 
G gas 
GLR  ratio of gas to liquid mass flow rates 
K power–law liquid factor 
L liquid 
MW molecular weight of polymer 
SMD Sauter Mean Diameter  
Tr Trouton ratio 
d0 outlet diameter 
m  mass flow rate 
n flow index 
J  shear rate 
K shear viscosity 
Ke extensional viscosity 
σ surface tension 
τ shear stress 
1. Experimental set-up and materials  
The experimental equipment consists of reservoir, computer, digital CCD camera, and the atomizer. 
The detail dimensions of the nozzle are given in Figure 1. The nozzle used had diameter of outlet 
d0 = 2.7 mm. The nozzle was mounted vertically on a stand. The investigated liquid was injected 
vertically downstream through an atomizer into the room temperature and atmospheric pressure. The jet 
(or spray) was injected into a Plexiglas chamber, which had openings on front side for the CCD camera 
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and strobe light. The photographs were analyzed using Image Pro-Plus delivered by Media 
Cybernetics which provides in-depth and precise measurement analysis of the spray droplet spectrum 
produced by a nozzle. The studies were performed at flow rates of liquid phase changed from 0.0014 to 
0.011 [kg/s] and of gas phase changed up to 0.0008 [kg/s], respectively. It corresponded to GLR values 
from 0.014 to 0.57. GLR is defined as follows: 
L
G
m
mGLR 
   (1) 
where Gm  and Lm are mass flow rates of atomizing gas and liquid, respectively. 
 
Fig. 1. Effervescent atomizer 
The test fluids used in this study were dilute and semi dilute solutions of polyacrylamide (WF1) in a 
mixed solvent of glycerol (78% glycerol by mass) and water. The high-molecular polyacrylamide (from 
Mw = 2.106 to 4.106 [kg/kmol]) used was supplied from POCH S.A. (Poland). The polymer of various 
concentration from 0.25 to 1% by mass was used. The glycerol used was delivered by POCh S.A.  The 
opposed jet rheometer for extensional viscosity studies constructed at the Department of Chemical 
Engineering and Equipment at Poznan University of Technology has been used. The shear viscosity was 
measured with a rheometer MCR-501 by Anton Paar. The studies were performed at the strain rate 
changed from 51 1/s to 1019 1/s. The surface tensions of fluids were measured by tensiometer K9 
delivered by Krüss GmbH. The all fluids had surface tension σ = 71.5 ± 2 [mN/m]. The power law 
equation for the non-Newtonian curves was used. The model is described as follows: 
nKJW    (2) 
1852   M. Ochowiak et al. /  Procedia Engineering  42 ( 2012 )  1849 – 1854 
where K is power–law liquid factor and n is flow index. The results are presented in Table 1. 
Table 1. Rheological characteristics of fluids 
System 
For shear stress For extensional stress 
K [Pasn] n [-] R2 K [Pasn] n [-] R2 
glycerol 78% + water 0,042 1 0,999 0,197 1,00 0,999 
WF1 0,25% + glycerol 78% + 
water 0,070 0,944 0,966 0,075 1,34 0,920 
WF1 0,5% + glycerol 78% + 
water 0,101 0,908 0,956 0,091 1,40 0,977 
WF1 1% + glycerol 78% + 
water 0,178 0,850 0,978 0,176 1,38 0,983 
2. Experimental results and discussion 
The dependence of the Trouton ratio on strain rate is shown in Figure 2. The Trouton ratio is defined 
as: 
Tr = Ke/K  (3) 
For a Newtonian fluid, which is a glycerol solution, the value of the Trouton ratio is constant and is 
approximately equal to Tr = 5.4±0.2. In the case of polymer solutions the Trouton ratio increases with 
increasing strain rate and with the polymer concentration in solution. Taking into account the wide 
disparity in the results obtained on the extensional viscosity [6] and the accepted value of the Trouton 
ratio for Newtonian liquids (Tr = 3), the results can be considered satisfactory. Because all the 
measurements have been taken in the same conditions and at the same measuring equipment, the data for 
all liquids tested can be compared. 
 
 
Fig. 2. Trouton ratio vs. strain rate 
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Figure 3 shows the dependence of SMD on GLR for investigated nozzles. The SMD is calculated as the 
ratio as follows [5]: 
¦
¦
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3
  (4) 
The smallest droplets are obtained for aqueous solution of glycerol. Droplet size strongly depends on the 
values of GLR. In general, SMD exhibits a tendency to decrease with increasing the Gm  and decreasing 
the Lm  values. The SMD values decreases with increasing of GLR.  
 
 
Fig. 3. SMD vs. GLR at 011.0 Lm  [kg/s] 
Figure 4 shows the dependence of SMD/SMDglycerol ratio on extensional viscosity of polymer solutions 
to extensional viscosity of 78% glycerol solution ratio (at strain rate of 1019 1/s). It has been shown that 
the effect of GLR on the SMD/SMDglycerol is greater for higher values of Ke/Ke,glycerol. It means that liquids 
with small viscosities are atomized in a similar way and the atomization is easier in comparison with 
liquids with high values of viscosity. Mathematical analysis showed that  
 28.0efSMD K   (5) 
 
 
Fig. 4. SMD vs. GLR at 011.0 Lm  [kg/s] 
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When increasing a polymer concentration the extensional viscosity of liquids increases faster than the 
shear viscosity. For comparison, for WF1 0.25% + glycerol 78% and WF1 1% + glycerol 78% (at shear 
rate 1019 J  1/s) solutions shear viscosity increased from 0.048 Pas to 0.064 Pas (increase about 33%) 
and at the same time the extensional viscosity increased from 0.830 Pas to 2.554 Pas (increase about 3 
times). It seems that the use of the extensional viscosity can be both more convenient and more precise. 
The results show that there are complex, but qualitatively predictable, interactions between the 
rheological properties of the liquids and the atomization behaviour. Effervescent atomization involves 
multi-phase phenomena which are hard to be described by mathematical models, especially, taking into 
account the connection of modelling of external and internal flows and rheological characteristics of a 
liquid. Actually the full model is unavailable. The different effects on SMD due to the concentration of 
the polymer solutions examined cannot be solely explained by differences in shear and extensional 
viscosities. But it is clear that extensional viscosity of liquids is a very important parameter influencing 
SMD. 
3. Conclusions 
The results presented indicate that the droplet size is adjusted by choice of GLR, with a higher GLR 
resulting in a smaller droplet size. Studies and analysis of measurements and the results obtained made 
possible to draw conclusions on the rheology and atomization of polymer solutions studied:  
 shear and extensional viscosities of liquids are dependent on the concentration of polymer 
and the viscosities increase with increasing the polymer concentration, 
 with increasing of shear rate the shear viscosity decreased, 
 with increasing of strain rate the extensional viscosity increased, 
 droplet size strongly depends on the values of GLR, 
 low concentrations of polymer additives may have profound effects on the SMD,  
 shear and extensional viscosities of liquids are very important parameters influencing SMD. 
The results indicate that the droplet size of the spray is influenced by the shear and extensional 
viscosities, but also by other polymer properties, which have to be established. 
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